Interleaved boost converter is well suited for high power and high performance applications. This paper investigates the performance of three-phase uncoupled and directly coupled Interleaved Boost Converter (IBC) for fuel cell applications. By employing directly coupled inductors for IBC, the overall current ripple can be effectively reduced which increases the lifetime of fuel cells. In this paper, a three phase interleaved boost converter using CoolMOS and Silicon Carbide (SiC) diode has been proposed for fuel cells compared to the classical IBC reported in the literature. Mathematical analysis of overall current ripple and the design equations for IBC has been presented. Analysis based on the relationship between current ripples and operating conditions such as duty cycle and coupling coefficient has been investigated for uncoupled and directly coupled IBC. The performance parameter of IBC such as switching losses and efficiency has been studied. Simulation of IBC interfaced with Proton Exchange Membrane (PEM) fuel cells has been studied using MATLAB/SIMULINK. Experimental prototype has been built to validate the results.
Introduction
Interleaved boost converter is a promising interface between distributed energy sources such as fuel cells, PV, battery and the DC bus of inverters. Due to interleaving operation, IBC exhibits both lower current ripple at the input side and lower voltage ripple at the output side. Therefore, the size and losses of the filtering stages can be reduced, and switching losses can be significantly decreased [1] . But the structure of IBC has more inductors than the single phase converters, which increases the complexity of the converter. This is overcome by employing coupled inductor in IBC [2] which reduces the converter volume by using one core instead of two or more, to improve the regulation of power converters. This paper presents the comparison of two non-isolated DC-DC boost converters that can be interfaced with the PEM fuel cell: an uncoupled three-phase IBC with discrete inductors in each phase and a directly coupled IBC consisting of a single input inductor.
The performance of three-phase uncoupled and directly coupled IBC is investigated over the operating range of the PEM fuel cell. As input current ripple is highly objectionable for a fuel cell source, the proper design of IBC is important for increasing the life of the fuel cell as well as for improving the quality of the output power. Detailed analysis has been done to investigate the benefits of directly coupled inductors compared to the conventional uncoupled inductors. The input current and phase current ripples and losses has been compared for uncoupled and directly coupled IBC. In this paper, a three phase IBC with CoolMOS and SiC diode is suggested for fuel cells considering variation of input voltage, inductor and switching frequency.
Section II gives a description of the two IBC topologies that are to be compared in this paper. Section III presents the design equations of IBC for uncoupled and directly coupled and Section IV presents the simulation results. Section V presents a prototype design and experimental validation of both converters.
Three-Phase Interleaved Boost Converter
The two boost topologies to be compared in this paper are presented in this section: a classical IBC with a single inductor per phase and a directly coupled IBC consisting of a single input inductor. Since inductor is the largest and heaviest component in a power boost converter, the use of a coupled inductor is preferred to achieve advantages such as reduced core and winding losses as well as improved input and inductor current ripple [2] .
A. Uncoupled Interleaved Boost Converter
Figureure 1 shows the three-phase uncoupled IBC. The number of inductor and switch is same as the number of phases. However, the capacitor is common in IBC. Because the output current of fuel cell is divided by 1/N times separately, the current stress in IBC can be reduced. Each phase switching frequency of 3-phase IBC can be identical and each switch has same phase shift angle as 360°/N. According to the duty ratio, switching sequences of each phase can be overlapped or not. While IBC is operated at non-overlapped condition, the input current ripple is decreased. However, it is linearly increased after switching sequence is totally overlapped. This paper utilizes three phases since the ripple content reduces with increase in the number of phases. If the number of phases is increased further, without much decrease in the ripple content, the complexity of the circuit increases, thereby increasing the cost of implementation. Hence, as a tradeoff between the ripple content, cost and complexity the number of phases is chosen as three. Figure 2 shows the schematic diagram of the 3-phase interleaved boost converter with direct coupled inductors. 
B. Directly Coupled Interleaved Boost Converter

Design Methodology for Three-Phase Interleaved Boost Converter
The interleaved boost converter design [3] involves the selection of the number of phases, the inductors, the output capacitor, the power switches and the freewheeling diodes. Both the inductors and diodes should be identical in all the channels of an interleaved design. In order to select these components, it is necessary to know the duty cycle range and peak currents. Since the output power is channeled through 'n' power paths where 'n' is the number of phases, a good starting point is to design the power path components using 1/n times the output power. The steps involved in designing IBC are as follows:
• Decision of duty ratio and number of phases • Selection of power semiconductor switches • Selection of inductor values • Design of output filter
A. Decision of Duty Ratio and Number of Phases
For a specific input and output voltages and power rating of the converter, the duty ratio is calculated as
The input current ripple and the output voltage ripple for various duty ratios are shown in 
B. Selection of power semiconductor switches
The semiconductor devices chosen for constructing the 3-phase interleaved boost converter is the CoolMOS transistor and SiC diode. The main benefits of CoolMOS (IXKN75N60C) are lower on-state résistance, lower conduction losses and high switching operation. The performance of CSD100060 SiC Schottky diode is compared with that of MUR1560 Si diode for IBC using PSPICE. The SiC diode has less forward voltage, high reverse breakdown voltage and less reverse recovery current which results in reduced switching loss. Due to absence of reverse recovery current, there is no need of active snubber circuit for protection. Significant reduction in switching loss can be achieved if the CoolMOS is used together with SiC diode compared with IRFP460A MOSFET. Hence, the proper choice of semiconductor switches is important in improving the performance of the converter.
C. Selection of Inductor values
Design of inductance is very important in boost topologies so that the inductor is sized correctly [7, 8] . The design of inductors for uncoupled and directly coupled IBC is explained as follows:
C.1. Design of inductance value for uncoupled IBC
The inductor is designed with a ferrite EE core. Each leg of the converter is switched at a frequency of 10 kHz with a phase shift of 120 degrees. The inductor value is calculated using the expression of input current ripple which is given by (for 0.67 < 
C.2. Design of inductance value for directly coupled IBC
The expression for equivalent inductance L eq for directly coupled IBC is 
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Therefore, the overall input current ripple is derived as (8) From equation (8), it is clear that increasing the value of the coupling coefficient can effectively reduce the input current ripple but the phase current ripple is increased. Therefore, the value of coupling coefficient is carefully chosen as 0.61 so that the input current ripple is reduced and the phase current ripple is within the limits. For a given input voltage, the mutual flux density for the coupled inductor is dependent on duty cycle. So, a proper choice of duty ratio and coupling coefficient is important in order to reduce the input current ripple and to keep the inductor current ripple within limits [5, 6] . Using equations (2) to (8), the inductance value is calculated.
D. Design of Output Filter
A capacitor filter is needed at the output to limit the peak to peak ripple of the output voltage. The capacitance of the output filter is function of the duty cycle, frequency and minimum load resistance during maximum load [7, 8] . The value of the capacitance is given by the formula:
where, 'R' represents the load resistance, o V Δ represents the output voltage ripple.
Simulation Results
In order to examine the performance of 3-phase IBC, a comparative simulation for the three-phase uncoupled IBC and directly coupled IBC has been carried out with the following system parameters as shown in Table 1 Table 2 , it is obvious that for directly coupled inductors, input current ripple is lesser compared to uncoupled inductors. Therefore, the directly coupled IBC is a suitable interface for fuel cell applications compared to uncoupled as it gives a reduced input current ripple and a better performance.
A. Switching Loss Calculation for IBC
The combination of CoolMOS transistor and SiC diode for the proposed IBC topology results in a reduced switching loss compared to IRFP460A MOSFET and Si diode. Switching loss for the main power device is calculated based on the equation given below:
where, P sw represents the switching loss of the main power semiconductor device, N represents the number of phases, f s represents the switching frequency, I in represents the current through the device, V o represents the voltage, t on represents the turn-on time of the device, t off represents the turn-off time of the device, t r represents the current rise time, t f represents the voltage fall time.The simulated turn-on time, turn-off time and switching energy for CoolMOS transistor and IRFP460A MOSFET is shown in Table 3 . From Table 3 , the simulation results shows that CoolMOS transistor has lower switching energy compared to MOSFET.
The diode switching loss is given by 1 2
where, P swD represents the diode switching loss, V o represents the voltage, N represents the number of phases, t rr represents the reverse recovery time, I RM represents the peak reverse recovery current, f s represents the switching frequency [10, 11] . The SiC diode chosen for IBC has high reverse breakdown voltage, less reverse recovery current, less reverse recovery time and the simulated results are shown in Table 4 . Para Rev Rev Ripple factor for input current ripple (directly coupled IBC) Figure 8 shows the output voltage ripple equal to 0.1% which is well below the designed ripple of 2%. Thus the filter designed performs well compared to the conventional boost converter for fuel cell applications. The input current ripple is about 0.06%. The input current ripple is directly proportional to input voltage and inversely proportional to inductance and frequency. Therefore, frequency and inductance should be increased for the ripple reduction for the design of IBC. Figure 10 shows the inductor current ripple which is below the designed value (10.2 %). The ripple increases dramatically with coupling coefficients above 0.65.Therefore, in this study, the coupling coefficient is chosen as 0.61. Figure 11 shows the inductor current ripple for uncoupled IBC which is less than the directly coupled IBC. This ripple is dependent on the value of duty ratio and coupling coefficient. So, proper value of coupling coefficient will lead to reduction in inductor current ripple thereby improving the efficiency of the converter. Figure 12 shows the input current ripple which is higher than the directly coupled IBC. This higher value of ripple will reduce the lifetime of fuel cell resulting in increased flow rate of hydrogen thereby reducing the efficiency of fuel cell. Therefore, directly coupled IBC is a better choice for fuel cells. Figure13 shows the output voltage ripple for uncoupled IBC which is again higher than that of directly coupled IBC. This leads to increased filtering requirement at the output of the converter. Therefore, directly coupled IBC results in reduced output voltage ripple which is well suited for fuel cells. Table 4 . compares the simulation and experimental results for uncoupled and directly coupled IBC. The results indicate that the directly coupled IBC gives a reduced input current ripple which is best suited for fuel cell applications. 
Conclusion
This paper has investigated the performance of three-phase uncoupled and directly coupled IBC for fuel cells. The relationship between phase current ripple, input current ripple versus duty ratio and coupling coefficient is analyzed. The design equations for IBC have been presented. It is found that the directly coupled IBC effectively reduces the overall current ripple compared to that of uncoupled inductors. The choice of SiC diode and CoolMOS transistor for IBC has led to reduced switching losses. From these results, three-phase directly coupled IBC with CoolMOS transistor and SiC diode proves to be a good candidate for fuel cell interface.
